We study a left right (LR) extension of the Standard Model (SM) where the Dark Matter (DM) candidate is composed of a set of fermionic Majorana triplets. The DM is stabilized by a remnant Z 2 symmetry from the breaking of the LR group to the SM. Two simple scenarios where the DM particles plus a certain set of extra fields lead to gauge coupling unification with a low LR scale are explored. The constraints from relic density and predictions for direct detection are discussed for both scenarios. The first scenario with a SU (2) R vectorlike fermion triplet contains a DM candidate which is almost unconstrained by current direct detection experiments.
I. INTRODUCTION
To guarantee the stability of the dark matter, many models postulate a discrete symmetry, usually a Z 2 , under which the standard model particles are even, while the dark matter is odd.
1 From a theoretical point of view much more attractive would be of course, if such a symmetry had a deeper origin or at least some other phenomenological consequences apart from stabilizing the DM. An example for the former is a broken gauge symmetry. An example for the latter are discrete family symmetries, in which the stability of the DM is related to the generation of neutrino masses [3, 4] .
One example of a discrete symmetry, which can emerge from the spontaneous breaking of a gauge symmetry is matter parity, P M = (−1) 3(B−L) . In SO (10) based models this discrete symmetry can survive breaking of SO (10) and stabilize the dark matter as has been shown in [5] [6] [7] . SO (10) can be broken to the standard model group directly or in different steps. Interestingly, one of the intermediate groups that can arise from SO (10) is the left-right (LR) symmetric group [8] ,
In the minimal LR model, gauge coupling unification can be achieved, if the LR scale is in the range of Λ 10 (10−11) GeV [9] . However, for such a large scale, no phenomenological effects of the LR symmetry can be seen in DM -apart from the stabilization of the DM candidate itself. However, it is possible to build models in which the LR scale can be lowered to the electro-weak scale, without destroying gauge coupling unification [10] .
Such low-scale LR models can maintain an unbroken Z 2 after symmetry breaking, if the field that breaks SU (2) R × U (1) B−L has even charge under (B − L) [11] . Different models of this kind have been studied recently. For example, the singlet component of a scalar 16 as DM candidate has been studied in [12] . Dark matter phenomenology in low-scale left-right symmetric models with fermionic triplets (Ψ 1130 and Ψ 1310 ) has been studied in [13] along with quintuplets (also studied in [14] ) and in [15] where also bidoublets (see also [16] ), and scalar doublets or septets are studied 2 . † Electronic address: mahirsch@ific.uv.es ‡ Electronic address: restrepo@udea.edu.co 1 Recently also Z 3 , ...Z N symmetries as the origin of the DM stability have been discussed, see for example [1, 2] . 2 A note on notation: We use the transformation properties/charges of the fields under the LR and SM Potentially realistic models containing the SO(10) 10 and 45 fermionic representations, from which a neutralino-like mass matrix with arbitrary mixings can be obtained, was discussed in [17] . A model with a fermionic (right-handed) 5-plet was studied in [14] .
Other examples in this line of thought include asymmetric dark matter from SO(10) [18] , or right-handed neutrinos as DM in a "dark left-right model", stabilized by an extra symmetry S [19] . One can also explore different intermediate gauge groups from SO(10) and their connection to DM models, as has been done in [20] . Another example with right-handed neutrinos as DM based on the group
be found in [21, 22] .
Unlike many studies based on non-supersymmetric left right SM extensions where the DM is considered as a single, unmixed state, as for example, pure fermion triplet, bidoublet etc [13, 15] , in this work we study some models where the DM candidate is not necessarily a pure state, but may instead be a mixture of two or more multiplets, similar to neutralinos in supersymmetry. In [17, 23, 24] , some fermion mixed DM model composed by combinations such as singlet-triplet, singlet-bidoublet, triplet-bidoublet were already studied. Here, we consider a combination of SU (2) R triplet-triplet fermionic DM multiplets. Mixing between the fermions is induced through the coupling to the triplet scalar ∆ R . A similar model was studied in the context of the diphoton excess in [25] for low values of the Ψ 1132 ⊕Ψ 113−2 triplet mass.
In this paper, we extend the generic left right model with a certain set of fields, see next section, such that gauge couplings unify in the ballpark of m G 2 × 10 16 GeV. The dark matter in our setup are right-handed fermionic triplets. We start with a very simple scenario, denoted as Case I, with a DM candidate from a vector-like pair of fields, Ψ 1132 andΨ 113−2 . A second scenario, denoted as Case II, contains a mixed DM candidate build from the above fields plus a Ψ 1130 . The addition of the latter allows to add a scalar portal interaction to the model and a non-zero direct detection cross section σ SI N appears. Note that Case I arises from Case II as a specific limit on the DM masses. We also check that both setups can lead to successful gauge coupling unification and calculate the parameter space allowed by proton decay constraints.
group to identify the fields:
The rest of this paper is organized as follows. In Sec. II we start by recalling the basics of the minimal left right model and SO(10) inspired unification. To have successful unification of gauge couplings (GCU) and at the same time a "low" LR scale (i.e. order TeV), requires additional fields. We discuss a particular set of fields ("configuration") which gives correct GCU and also fulfill some additional phenomenological requirements.
We identify the GUT parameter space and the region of DM candidate masses where GCU and successful fermionic DM simultaneously arise in Sec. II B. In Sec. III we discuss the DM phenomenology of our two simple cases of fermionic DM in more detail. The relic density and direct detection cross sections are calculated. Finally in Sec. IV we conclude with a discussion of our results. Some technical aspects of our work are presented in the appendix.
II. MODEL FRAMEWORK
In this section we will briefly describe a non-SUSY left-right symmetric scenario inspired by SO (10) In our numerical study, we will concentrate on the DM candidates found in the 45 (Ψ 1130 ) and 126/126 (Ψ 1132 /Ψ 113−2 ) multiplets. We will study two cases, denoted as Case I and Case II. In Case I, the DM is taken to be the neutral component of the vector-like pair which belongs to the SO(10) representations Ψ 1132 /Ψ 113−2 . This scenario is very minimal in the sense that it has only one additional new parameter, which corresponds to the bare mass term of the vector-like pair and also gives a zero spin-independent (SI) DM-nucleon cross section at tree-level, as will be discussed in the next section. In Case II, we add to the above fermion vector-like pair an extra SU (2) R fermionic triplet which belongs to the 45 representation, i.e. Ψ 1130 . In this case, new terms, can be added to the Lagrangian, mixing the different neutral components in Ψ 1132 /Ψ 113−2 and Ψ 1130 . A nonzero SI DMnucleon cross section results. As expected, the Case I is recovered in the limit where the DM particles are unmixed states and Ψ 1130 is decoupled.
Although our numerical calculations are done in a left-right symmetric model, the underlying theory at higher energies should be unifiable into SO (10) . We thus consider constraints arising from gauge coupling unification. For this, we consider a simple configuration of fields which contains our DM candidates, but adds a few more fields, such that the gauge couplings unify correctly at a m G scale allowed by proton decay. We then discuss the allowed GUT parameter space of this setup.
A. Left-Right scalar sector
The first stage of the symmetry breaking SO(10) → LR arises when a scalar field belonging to the 54 of SO (10) representation acquires a vacuum expectation value (vev).
Although our analysis is inspired by such a SO(10) unification, we do not concern ourselves in detail with this first step. The second step is to break the LR group to the SM, which is then broken to U (1) EM . In the minimal LR scenario, the scalar sector consist of only two multiplets: a bi-doublet Φ 1220 , needed to give correct masses to the electroweak vector bosons and SM charged fermions, and a scalar triplet ∆ R ≡ Φ 113−2 , which breaks the LR group to the SM one. The neutral and charged components of these multiples can be written as [26] :
It is assumed that the neutral components of these fields acquire vevs:
The parameters v 1,2 are real and positive. For more details on left-right symmetry and gauge boson masses see [27] . In our analysis, we do not assume an exact LR symmetry, i.e.
g L = g R , see below.
B. Gauge coupling unification constraints
In this subsection, we will discuss briefly gauge coupling unification (GCU) and possible constraints on the parameter space of LR dark matter models. As is well-known [9] , the minimal LR model can lead to GCU only if the LR scale is of the order of 10 10−11 GeV.
In order to lower this scale to a phenomenologically interesting range, additional particles need to be added to the minimal model. We will use the results of [10] . Essentially, we require the following two conditions to be fullfilled:
This implies that the gauge couplings unify with a value of α G in the perturvative regime. Since our simple calculation does not consider GUT-scale thresholds, we are not necessarily imposing exact unification of the gauge couplings at the GUT scale (m G ). Rather, we allow for a difference of the gauge couplings at m G falling into a "small nonunification triangle", i.e:
0.9 [28, 29] .
(ii) 
The scalar bidoublet Φ 1220 and the scalar triplet Φ 113−2 are needed to achive the correct symmetry breaking pattern. The particles in the 2nd line are our dark matter candidates. that M NP has to be larger than M LR for good GCU to be maintained. Therefore for this case, constraints from the relic density provide interesting upper limits, as we will discuss in the next section. 
III. FERMIONIC DARK MATTER
As a first step, we add to our LR minimal setup the two additional fermionic triplets Ψ 1132 ⊕Ψ 113−2 which represents a vector-like pair of Majorana DM. This scenario, which corresponds to a simple and unmixed DM case, is denoted here as Case I. Considering that, in this scenario the vector-like DM has zero hypercharge, the SI DM-nucleon cross section, σ SI N , is expected to be zero at tree level. As a second step, an extra fermionic triplet Ψ 1130 is included to complete a scenario of mixed fermion Dark Matter in which, although the DM has hypercharge zero, a scalar portal interaction of the DM through the interaction of the DM with the ∆ R generates a nonzero σ SI N . All the numerical calculations of the next sections where implemented using SARAH [32] [33] [34] (based on the LR implementation in [35] ) which generates the necessary subroutines used subsequently by SPHENO [36, 37] . The calculation of the relic density and the relevant cross sections is done by MicrOMEGAs [38] , solving the Boltzman equation numerically through CalcHEP [39] output of SARAH. The scans were done using the SSP mathematica package [40] .
A. Case I
In this benchmark scenario we introduced two Weyl fermions Ψ 1132 andΨ 113−2 which can be parametrized as:
Note that, due to the quantum numbers and the chosen transformation properties of Ψ 1132 andΨ 113−2 under the LR gauge symmetry, the most general renormal- MicrOMEGAs. The most important annihilation and coannihilation processes contributing to the relic density are described in Fig. 3 . 
gives important restrictions on the parameter space of our model. 5). The dashed line shows the lower limit on M Z R imposed by CMS [42] .
As mentioned before, due to the fact that in this simple scenario our DM is a Majorana particle with hypercharge zero, there is no direct Z-exchange and we have a zero tree-level σ SI N . Due to this fact, this scenario is nearly entirely unconstrained by direct detection experiments. However, as will be described in the next section, adding an extra fermionic field to the DM setup, opens a LR scalar portal and then a non-vanishing σ SI N arises.
B. Case II
In this scenario we introduce an extra Weyl fermion, Ψ 1130 in addition to the DM setup described in Case I. As in the previous scenario, due the absence of any interaction terms mediating the decay of Ψ 1130 into the SM particles, the lightest component of this triplet is accidentally stable and hence can be a DM candidate. A mixture of the neutral components of the fields Ψ 1130 ⊕ Ψ 1132 ⊕Ψ 113−2 is the DM. The relevant mass terms and interactions of the new fields, including the scalar portal, are given by:
where M 11 is the tree level mass of the components of the triplet Ψ 1130 . The LR scalar "portal" is given by the interactions of the new field Ψ 1130 with the scalar boson ∆ R . These interactions are proportional to the λ 13 and λ 12 Yukawa couplings. Depending on the choice of these Yukawa parameters, the direct detection nucleon cross section, σ SI N , will or will not be different from zero. We define
To illustrate the dependence of the direct detection cross section, σ SI N , on these parameters, we choose a point with a v R = 6 TeV and M 11 = 50 TeV. We then scan over the other parameters as illustrated in Fig 6, Moreover, the region of low M Z R corresponding to the green points in the plot, are excluded by the spin-independent elastic DM-nucleon direct detection constraints from LUX-2016 bound [43] .
The numerical results for this constraints are shown explicitly in the lower panel of Fig. 8 as The allowed values of the DM restricted by direct detection analysis are in perfectly agreement with range of DM masses which fulfill all the GUT phenomenological requirements, presented in Sec. II B.
IV. CONCLUSIONS
We explored simple left right scenarios with a dark matter candidate as a mixed state of fermionic SU ( DM bounds is perfectly compatible with the parameter space which fulfill all the GUT phenomenological constraints.
and Florian Staub for helpful assistance with the SARAH/SPHENO and toolbox packages. , because all the other fermion combination it couples to or decay to are odd [47] . Considering also that DM must be colorless and electrically neutral, the different possibilities of scalar and fermionic DM candidates under SO(10) are depicted in Table I . 
